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Abstract 
Otolith formation was studied in a 
mutant strain of low-fertility Delaware 
chicks which exhibit an otolithic defect. 
In all chicks of this strain, otoliths 
were present as a fused crystal mass 
which contained abnormally large (giant) 
otoconia. Studies of the formation of 
such otoliths during embryonic develop-
ment revealed that from the very earliest 
stages the otoconia were much larger than 
normal, and in the saccular and utricular 
otoliths formed a fused mass. These 
results are interpreted as supporting a 
hypothesis of the de novo formation of 
giant otoconia in this giant-crystal 
strain as opposed to the recrystall-
ization hypothesis proposed for other, 
dissimilar mutant mammals and birds which 
also produce giant otoconia. 
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Introduction 
Otoconia are biocrystals of calcium 
carbonate that function as a high density 
weight for the gravity receptor organs of 
the inner ear in terrestrial vertebrates, 
The otoconial crystals are embedded in 
the otoconial "membrane" which lies on 
the sensory epithelium. In normal, newly 
hatched, chicks they number approximately 
140,000 in the sacculus and 50,000 in the 
utriculus, and range in size from 2 to 30 
µm (Ballarino et al,, 1985), In birds and 
mammals the calcium carbonate crystal-
lizes as calcite (Carlstrom, 1963; Mann 
et al., 1983) in association with an or-
ganic matrix (Lim, 1973; Marmo, 1982; 
Salamat et al,, 1980; Ross and Peacor, 
1975). 
The otoconia of adult birds and 
mammals exhibit three terminal facets at 
each end (Fig. 1 F). The sides of the 
crystal are rough and rounded, indicating 
inhibition of growth on the side faces 
(Ross and Peacor, 1975). Under polarized 
light microscopy (PLM) the calcite of the 
otoconia is highly birefringent (Fig, 1 
E) and exhibits parallel extinction, 
Otoconial crystals viewed under crossed 
polars appear as a rainbow of different 
colors, with the smallest otoconia ap-
pearing white, and progressively larger 
crystals having central portions of reds 
and then blues, These "interference 
colors" are produced by the retardation 
of plane polarized light by the otoconial 
calcite, and are dependent on the thick-
ness of the calcite (Kerr, 1959). The 
interference colors of otoconia thus 
provide an indication of the extent of 
mineralization (the thickness of the 
calcite deposition). 
In a previous study, Ballarino et 
al. (1985) examined the mineralization 
patterns and surface morphology of otoco-
nia in normal developing chicks with 
polarized light microscopy (PLM) and 
scanning electron microscopy (SEM). It 
was found that the saccular otoconia from 
young embryos have a different morphology 
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Fig. 1. Otoconia of normal chicks. A) PLM of saccular double-fluted otoconia from 6 
day chick embryos, showing the birefringent mineralization pattern of calcite. B) SEM 
of saccular double-fluted otoconia in a 6 day embryo. Note the beginning of facets at 
the tip of the fins formed by the flutes (arrow). C) PLM of utricular "mature" 
otoconia in 6.5 day embryos. D) SEM of utricular otoconia in a 6.5 day chick embryo. 
E) PLM of otoconia in newly hatched chicks. Note that the interference color pattern 
indicates greater calcite thickness than seen in the 6.5 day embryo utriculus. F) SEM 
of otoconia from newly hatched chicks. 
from those of the adult. These embryonic 
"double-fluted" otoconia are thin in the 
middle with three terminal flutes at 
either end (Fig. 1 A & B). The flutes 
exhibit a symmetry similar to that of the 
adult facets. Examination of saccular 
otoconia from chick embryos of increasing 
age indicates that the fins of the dou-
ble-fluted otoconia fill in and develop 
the facets of the mature otoconia. Early 
embryonic utricular and lagenar otoconia 
exhibit the same morphology as adult 
chick otoconia, but are smaller in size 
(Fig. 1 C & D). A small percentage (0.2 -
0.4 %) of double-fluted forms are seen 
in later embryonic stages of the utricu-
lus (Ballarino et al., 1985). 
Occasionally (3 in approximately 300 
dissections), White Leghorn chicks 
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(Cornell Strain K) were found that con-
tained giant otoconia of 40 - 160 pm in 
length (Ballarino et al., 1985). Recent-
ly, Dr. Paul E. Bernier at Oregon State 
University at Corvallis reisolated a line 
of Delaware chicks which consistently 
produce giant (30 - 230 pm in length) 
otoconia. Homozygous carriers of a domi-
nant gene for defective otoliths were 
reisolated from the same genetic source 
as a previously isolated line of ataxic 
chicks (Bernier, personal communication) 
which exhibited a high incidence (70-
100%) of "star-gazing" behavior (Fig. 2 A 
& B). The reisolated line, which will 
hereafter be referred to as the 
"giant-crystal" strain, does not exhibit 
an increased incidence of ataxia. Many 
of the star-gazing chicks from the 
Otoconial Development in Giant-Crystal Chicks 
original ataxic line were able to survive 
and compensate for the ataxia if separ-
ated and provided with easy access to 
food and water (Bernier et al., 1975b). 
Otoconial defects in other genetic 
mutants have been reviewed by Lim (1980, 
1984). Behavioral anomalies have been 
found to occur in conjunction with the 
absence or reduction of otoconia in sev-
eral genetic mutants, including the pal-
lid mouse (Lyon, 1951; Lyon, 1953; Erway 
et al., 1966; Lim and Erway, 1974; Doug-
las et al., 1979), the pastel mink (Erway 
and Mitchell, 1973), the mocha mouse 
(Lane and Deol, 1974; Rolfsen and Erway, 
1984), the grey loco chukar partridge 
(Craig, 1969), the tilted-head mouse (Lim 
et al., 1978), and the lethal-milk mouse 
(Erway and Grider, 1984). In the tilted-
head mouse, either no otoconia or giant 
otoconia are produced, and the amount of 
sensory macula covered by the giant oto-
conia varies from 2.5% to normal (Lim et 
al., 1978). Lethal milk mice exhibit an 
absence of otoconia in the utriculus and 
large or giant otoconia in the sacculus, 
with variable amounts of the saccular 
macula covered by otoconia (Erway and 
Grider, 1984). 
The effects of manganese and zinc on 
the development of otoconia have been 
studied in several genetic mutants with 
otolith defects. In the pallid mouse, the 
mocha mouse, and the pastel mink, manga-
nese supplementation in the diets of 
pregnant animals during the critical 
period of otoconial formation prevents 
both otoconial reduction and behavioral 
anomalies (Erway et al., 1966; Erway et 
al., 1971; Rolfsen and Erway, 1984; Lim 
and Erway, 1974). Additionally, manganese 
deficiency in normal mice ( Erway et al., 
1970), chicks (Erway et al., 1970), gui-
nea pigs (Shrader and Everson, 1967), and 
rats (Hurley et al., 1968) during the 
critical period of otoconial formation 
causes otoconial deficiency and ataxia. 
Finally, zinc supplementation in the 
diets of pregnant lethal-milk mice im-
proves the development of saccular otoco-
nia (Erway and Grider, 1984). In contrast 
to the pallid and mocha mice and the 
pastel mink, the ataxic line of Delaware 
chicks showed no decrease in the inci-
dence of ataxia after manganese supple-
mentation of 1000 ppm in the diets of 
laying hens (Bernier et al., 1975a). The 
effects of manganese and zinc supplement-
ation on the otoconia of the ataxic line 
of Delaware chicks has not been investi-
gated. 
Administration of the ototoxic drugs 
streptomycin, neomycin and ethacrynic 
acid in animals has also been associated 
with formation of giant otoconia, severe 
loss of otoconia, and ataxia (Lim, 1980; 
Harada and Sugimoto, 1977; Johnsson et 
al., 1980a). The otoconial loss has been 
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Fig. 2. "Star-gazing" behavior of ataxic 
Delaware chicks. Note the skyward posi-
tion of the beak (A) and the retraction 
of the head over the back (B). Photo-
graphs courtesy of Dr. Paul E. Bernier, 
Oregon State University at Corvallis. 
correlated with areas of hair cell damage 
(Johnsson et al., 1980a). Giant otoconia 
were found bordering these areas. 
Reduction of otoconia and production 
of giant crystals does not only occur in 
genetic mutants and animals treated with 
ototoxic drugs. Johnsson et al. (1980b) 
and Harada and Tagashira (1981) found 
that their "normal" strains of laboratory 
guinea pigs had a high incidence (22.4%) 
of abnormal otoconial membranes even 
though their behavior was normal. The 
affected animals showed incomplete cover-
ing of the macula by otoconial crystals, 
and giant dumbbell-shaped crystals bor-
dering the uncovered region. 
In the above studies of animals 
treated with ototoxic drugs and "normal" 
guinea pigs, giant otoconia were found in 
association with reduced crystal numbers, 
bordering large areas of bare macula. 
Normal otoconia covered the remaining 
portion of the macula. Accordingly, it 
can be hypothesized that the giant otoco-
nia in these animals are formed by disso-
lution of normal otoconia followed by 
recrystallization as giant crystals. This 
is a common phenomenon in nonbiological 
systems, where periodic dissolution and 
growth conditions are used to grow large 
crystals at the expense of small 
J. Ballarino and H.C. Howland 
(Sheftal, 1976). We believed that this 
was not the case for the giant-crystal 
strain of chicks since: 1) the giant 
otoconia were present in a fused mass 
rather than as scattered crystals border-
ing normal otoconia; and 2) the mass of 
giant crystals appeared to be equivalent 
in size to the normal complement of crys-
tals. In order to determine how the giant 
otoconia were formed in this line of 
chicks, otoconia were examined during the 
critical phases of otoconial formation in 
the developing giant-crystal embryo. 
Materials and Methods 
Animals 
White Leghorn chicks and chick em-
bryos (Cornell University Strain K) were 
employed in these studies as the normal 
control. Chicks exhibiting giant otoconia 
were reisolated from the same genetic 
source as a previously isolated ataxic 
line of low-male-fertility Delaware 
chickens by Dr. Paul E. Bernier at Oregon 
State University at Corvallis. The gene 
for defective otoliths is dominant (Ber-
nier, personal communication), and the 
otoliths of heterozygotes were indistin-
guishable from those of homozygotes. Dr. 
Bernier generously supplied us with 70 
homozygous fertile eggs, 25 heterozygous 
fertile eggs, 9 homozygous live chicks, 
and 74 heterozygous live chicks from the 
reisolated giant-crystal strain, as well 
as over 300 cleared skulls. Utricular, 
saccular and lagenar otolithic organs 
from 20 giant-crystal chicks and 50 
normal chicks, and from 50 giant-crystal 
embryos and 50 normal embryos were exam-
ined under SEM and PLM. The material 
illustrated in the figures comes from 6, 
8, and 12 day old chick embryos and newly 
hatched chicks. 
Specimen Preparation 
Otoconial membranes from normal and 
giant-crystal chicks were prepared for 
light microscopy in the following manner. 
Unanesthesized chick embryos and newly 
hatched chicks were killed rapidly by 
guillotine and their otolithic organs 
removed. Fresh otoconial membranes from 
one ear were carefully removed from the 
underlying sensory epithelium, spread on 
a microscope slide, and covered with 
mineral oil. The specimens were immedi-
ately examined and photographed under a 
Leitz Dialux microscope using polarized 
light attachments. 
Otoconial membranes from the oppo-
site ear were prepared for SEM. Otolithic 
organs were dissected in 4% phosphate 
buffered glutaraldehyde (200mM, pH 7.8) 
or in 70 % acetone. The 1 mm thick otoli-
thic organs were fixed for 1/2 h in 70% 
acetone or buffered glutaraldehyde and 
run through an acetone dehydration ser-
ies (1/2 h in each solution). Both 
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fixatives were used since glutaraldehyde 
has been previously shown to etch embry-
onic otoconia in normal chicks (Ballarino 
et al., 1985). The samples were then 
dried in carbon dioxide with a Sorvall 
critical-point-drying apparatus and 
coated with a 200-300 Angstrom layer of 
gold. The otoconial membranes were exam-
ined under a Philips 505 scanning elec-
tron microscope at 15 keV. 
Calculations tl Otoconial Size 
Measurements of the length and width 
of the otoconia were made from PLM and 
SEM photomicrographs. Only those otoconia 
oriented in the plane of the photomicro-
graph were measured. The SEM micrographs 
were calibrated with 10 µm bars generated 
by the Philips 505 SEM. The PLM photo-
graphs were calibrated with a stage mi-
crometer slide containing 50 µm divi-
sions. The range of otoconial sizes meas-
ured for giant-crystal chicks was a con-
servative one, Rince the larger, fused 
otoconia could not be measured reliably 
(i.e., only one end of the fused otoconia 
protruded from the mass). Measurements of 
the calcite thickness of otoconia from 
young embryos were made from PLM photomi-
crographs. Calcite thickness was deter-
mined from otoconial interference colors 
using an interference color chart for 
common minerals (Kerr, 1959) and the 
equation: 
where t = thickness of mineral, = re-
tardation of light as measured from 
Kerr's interference color chart, and n1 
and n 2 are the refractive indices of 
calcite (n 1 = 1.658, n = 1.486). Otoco-
nial crystals from o1der embryos and 
hatched chicks which contained more than 
four interference orders could not be 
measured accurately for calcite thick-
ness, since higher order colors become 
pale and indistinguishable from white. 
Measurement tl Otolith Weights 
The weight of the calcium carbonate 
in the otoconia of the giant-crystal 
chicks was determined from utricular 
otolithic organs which were dissected 
from cleared skulls. The skulls had been 
fixed in 70% alcohol, dehydrated in alco-
hol and stored in methyl salicylate (oil 
of wintergreen). Eighteen skulls were 
randomly selected from a pool of approxi-
mately 300 skulls. The giant-crystal 
otoliths were rehydrated through an alco-
hol series, washed in distilled water, 
and air-dried. The otolithic organs were 
then weighed on a Cahn model 4100 elec-
trobalance to an accuracy of 0.5 pg. 
Afterwards, they were decalcified in 5% 
HCl, washed in distilled water, and re-
weighed. The decalcified weight was sub-
tracted from the gross weight to estimate 
the weight of the calcium carbonate 
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fraction. These values were compared to 
those of normal chicks previously ob-
tained by Ballarino and Howland (1984). 
The otoliths of normal chicks in the 
latter study were air-dried immediately 
(rather than being stored in methyl sali-
cylate), and then processed as described 
above for the giant-crystal otoliths. 
X-ray Crystallography 
Freshly dissected otoliths from newly 
hatched giant-crystal chicks were air-
dried, mounted with clay in a Debye-
Scherrer camera, and examined intact with 
x-ray radiation. The otoliths were then 
gently crushed for analysis by ordinary 
powder diffraction, mounted with clay in 
a Debye-Scherrer camera, and examined 
with x-ray radiation. Diffraction pat-
terns of otoliths were recorded with Zr-
filtered Mo radiation at 47 kV and 16 ma 
from a Philips Norelco model SN61-276 x-
ray machine. Intact specimens were ex-
posed to radiation for 24 hand powder 




Intact otoliths of newly hatched 
giant-crystal chicks gave a spotty dif-
fraction pattern which could not be ana-
lyzed but indicated the presence of ei-
ther iso-oriented mosaic crystals (Ross 
and Peacor, 1975) or single crystals. 
Powder diffraction analysis showed the 
giant-crystal otoliths to be composed of 
calcite. 
Saccular Otoconia 
Saccular otoconia from the giant-
crystal strain of chicks first appeared 
in six day chick embryos. The otolith was 
present as one fused-together mass, but 
SEM revealed it to be made up of many 
individual crystals (Fig. 3 A). Some of 
these crystals had the surface morphology 
of fused rhombohedrons (Fig. 3 B, #1). 
The majority of the crystals had the 
double-fluted morphology (Fig. 3B, below, 
and left of #2) typical of saccular em-
bryonic otoconia in normal chick embryos, 
but were significantly larger in size 
than those of normal chicks (Table 1). 
Otoconial crystals which were separated 
from the fused mass exhibited a double-
fluted mineralization pattern of calcite 
under PLM (Fig. 3 C). The fluted ends can 
be clearly observed as one focuses up and 
down on the otoconia. 
In subsequent embryonic stages, the 
saccular otoliths also appeared as one 
fused-together mass. The 8 day giant-
crystal chick embryos exhibited both dou-
ble-fluted otoconia (Fig. 3 E & F) and 
fused, giant otoconia (Fig. 3 D). At all 
stages, the saccular otoconia of giant-
crystal embryos and chicks were signifi-
cantly larger in size than otoconia of 
1671 
normal animals (Table 1). 
The sacculus of newly hatched giant-
crystal chicks appeared as one fused-
together mass, but contained both fused 
otoconia (Fig. 3 G) and normal "mature" 
otoconia which were not fused. In addi-
tion to the mature otoconia which exhi-
bited the normal morphology of three 
terminal facets, there were other adja-
cent, unfused otoconia in giant-crystal 
chicks which exhibited raised edges in-
stead of the normal facets (Fig. 3H, 
arrow). The latter "raised edge" otoconia 
exhibited the same size range as the 
normal mature otoconia. 
Utricular Otoconia 
The utricular otolith of the giant-
crystal strain first appeared in 6.5 day 
embryos. Like the sacculus, it was pre-
sent as one fused-together mass (Fig. 
4A). In 8 day giant-crystal embryos, a 
second fused-together mass was present 
(Fig. 4B). Under SEM the fused masses 
could be seen to be composed of large 
crystals at the margins and smaller crys-
tals in the central portions (Fig. 4C). 
The otoconia were double-fluted in morph-
ology (Fig. 4C, arrows), and were signi-
ficantly larger in size than otoconia 
from normal 8 day embryos (Table 1). 
In subsequent stages, the utricular 
otolith appeared as one large fused-
together mass and two smaller masses of 
crystals. The large mass appeared on one 
side of the striola and the two smaller 
masses on the other side of the striola. 
The crystal masses were composed of giant 
otoconia at the periphery and smaller 
otoconia in the central portions (Fig. 4G 
& H). The giant otoconia exhibited elon-
gated terminal facets and lacked the 
flutes seen in otoconia of 8 day giant-
crystal embryos (Fig. 4 E & F). These 
will hereafter be termed "elongated fa-
cet" otoconia. The terminal ends of the 
smaller otoconia in the central portions 
appeared rhombohedral in form (Fig. 4 I, 
arrow). The lengths and widths of the 
otoconia of 12 day giant-crystal embryos 
and newly hatched giant-crystal chicks 
were significantly greater than those of 
normal chick otoconia from the same 
stages (Table 1). 
Lagenar Otoconia 
Otoconia first appeared in the lage-
na in 8 day giant-crystal embryos. Unlike 
the otoconia in the sacculus and the 
utriculus, these otoconia were not fused 
together as one mass. The morphology of 
the majority of the otoconia was strik-
ingly different from that seen in normal 
chick embryos. Under PLM these otoconia 
appeared as tiny white wheel-shaped 
structures with "spokes" of nonbirefrin-
gence (Fig. 5 A). The extinction posi-
tions of the various regions of the 
wheel-shaped otoconia were different, 
indicating that the optic axes, or c-axes 
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Fig. 3. Saccular otoconia of giant-crystal chicks. A) SEM of the whole fused-together 
saccular otolith in a 6 day giant-crystal embryo. Note that the otolith is made up of 
many individual crystals. B) Enlargement of A, indicating fused otoconia (1) and 
double-fluted otoconia (below and left of #2). C) PLM of saccular double-fluted otoco-
nia from 6 day giant-crystal embryos, showing the birefringent mineralization pattern. 
D) SEM of fused otoconia in the sacculus of a 8 day giant-crystal embryo. E) SEM of 
saccular double-fluted otoconia in an 8 day giant-crystal embryo. Note the raised 
edges with three-fold symmetry (arrows). F) PLM of saccular double-fluted otoconia in 
8 day giant-crystal embryos. G) SEM of fused saccular otoconia in newly hatched giant-
crystal chicks fixed with glutaraldehyde. Note the raised terminal facets (arrow). H) 
SEM of mature otoconia in newly hatched giant-crystal chicks. Note the raised edges 
of three-fold symmetry (arrow) which replace the normal facets. I) PLM of mature 
otoconia in newly hatched giant-crystal chicks. 
of the different regions were not simi-
larly oriented. Under SEM it could be 
seen that the wheel-shaped structures 
were actually fused otoconia (Fig. 5 B) 
and that the "spokes" of nonbirefringence 
apparently coincided with the areas of 
fusion. A fraction of the lagenar otoco-
nia in the 8 day giant-crystal chick 
embryo exhibited the normal morphology 
of mature otoconia (Fig. 5 C), but were 
larger in size than those in normal 8 day 
embryos (Table 1). 
In 12 day giant-crystal embryos and 
newly hatched chicks the lagena was 
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present as one fused-together mass with 
the same crescent shape found in normal 
lagenar otoconial membranes (Fig 5 D). 
The fused mass could be seen under SEM to 
consist of many individual crystals (Fig. 
5 D). The otoconia on the inner edge of 
the crystal mass (Fig. 5 D, #1) exhibited 
two forms. One form (Fig. 5 E, #1) was 
similar in morphology to the "raised 
edge" otoconia found in the sacculus of 
newly hatched giant-crystal chicks. The 
second form (Figs. 5 E, #2, 5 F) exhi-
bited the fused morphology of the wheel-
shaped otoconia seen in the lagena of 8 
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Fig. 4. Utricular otoconia of giant-crystal chicks. A) PLM of the utricular crystal 
mass in a 6.5 day giant-crystal embryo. B) PLM of the two utricular crystal masses in 
an 8 day giant-crystal embryo. C) SEM of a crystal mass in an 8 day giant-crystal 
embryo. Note that the otoconia exhibit a double-fluted morphology (arrows). D) PLM of 
otoconia separated from the crystal mass of an 8 day giant-crystal embryo. These 
heavily mineralized otoconia contain several interference color bands. E) SEM of 
mature giant otoconia from a 12 day giant-crystal embryo. Note that the terminal 
facets of these otoconia are elongated in comparison to mature otoconia of normal 
embryos. F) PLM of a giant mature otoconium separated from the crystal mass in a newly 
hatched giant-crystal chick. The numerous interference bands indicate heavy minerali-
zation. G) SEM of the large crystal mass in newly hatched giant-crystal chicks. Note 
the giant crystals at the periphery and the fused mass of smaller crystals in the 
central portion. R) PLM of G. I). SEM of fused otoconia from a newly hatched giant-
crystal chick. The protruding ends of the fused crystals appear rhombohedral in form 
(arrow). 
day giant-crystal embryos. The otoconia 
on the outer edge (Fig. 5 D, #2) were 
similar to the giant "elongated facet" 
otoconia seen in the utriculus, and were 
significantly larger in size than the 
otoconia of normal chicks (Table 1). 
Fixation Artifacts 
Comparisons of glutaraldehyde-fixed 
otoconia and acetone-fixed otoconia indi-
cated that the giant otoconia of giant-
crystal embryos and chicks were relative-
ly more susceptible to glutaraldehyde 
etching than were the smaller otoconia of 
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normal chicks. In normal chicks, otoconia 
from 6 - 8 day embryos exhibited deep 
flutes after fixation with glutaralde-
hyde, but otoconia from older embryos and 
hatched chicks showed no sign of etching, 
In giant-crystal chicks, however, otoco-
nia from both young embryos and from 
older embryos and hatched chicks showed 
signs of etching. 
The following results were obtained 
after glutaraldehyde-fixation of giant 
otoconia from giant-crystal embryos and 
hatched chicks. In some saccular 
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Fig, 5. Lagenar otoconia of giant-crystal chicks, A) PLM of wheel-shaped otoconia in 
the lagena of 8 day giant-crystal embryos, The various regions of the wheel do not 
show uniform parallel extinction when rotated under polarized light. B) SEM of wheel-
shaped otoconia, Note that these otoconia are fused twin or multiple crystals and that 
the areas of fusion appear to coincide with the "spokes" of nonbirefringence seen 
under PLM. C) PLM of otoconia from an 8 day giant-crystal embryo exhibiting normal 
morphology but unusually large size for this stage. D) SEM of the fused otolith mass 
of 12 day giant-crystal embryos, The inner edge is composed of small crystals (1). 
The outer edge is composed of giant crystals similar in morphology to the "elongated 
facet" giant otoconia seen in the utriculus (2), E) SEM enlargement of D, #1, Note the 
presence of mature crystals with the three raised terminal edges (1) and the "wheel-
shaped" otoconial crystal (2), F) PLM of crystals from same region as D, #1, G) SEM of 
the fused otolith mass of newly hatched giant-crystal chicks, The inner edge is 
composed of smaller crystals (1) and the outer edge of giant crystals (2), H) SEM of 
G, #1, I) PLM of crystals from same region as G #1, 
otoliths, fixation with glutaraldehyde 
resulted in otoconia with raised terminal 
facets (Fig 3 G, arrows) and a more 
fluted shape. Other saccular otoliths 
fixed with glutaraldehyde contained the 
"raised edge" otoconia reported above in 
acetone-fixed specimens, No glutaralde-
hyde-fixed otoconia from saccular oto-
liths exhibited the normal morphology of 
three terminal facets, After glutaralde-
hyde fixation, utricular and lagenar 
otoliths exhibited either the "elongated 
facet" giant otoconia seen in acetone-
fixed specimens, or "raised edge" giant 
1674 
otoconia. No raised facets were observed 
in utricular or lagenar otoconia fixed 
with acetone. 
Polarized Light Microscopy 
The extent of mineralization at the 
various embryonic stages was estimated 
from the interference colors of otoconia 
under PLM. In Table 2, the widths of 
giant otoconia, measured from PLM photo-
micrographs, are compared to their cal-
cite thickness calculated from interfer-
ence colors. Since each interference 
color has a spectral range, a calcite 
thickness range was calculated for each 
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TABLE 1. Comparison of Otoconial Lengths and Widths in Giant-Crystal 
Normal Chicks. Lengths and widths are given in µm, CE= chick embryo. 
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mean .±. .§11_ !!. 
6. 9 .±. 2.4 so * 
16. 9 .±. 7.0 so * 
22.4 .±. 8.4 so * 
19. 9 .±. 6. 3 16 * 
104.4 .±. 42.4 23 * 
154.9 .±. 80.7 23 * 
13. 7 .±. 4.3 6 * 
54.0 .±. 3 6. 1 31 * 
94.4 .±. 3 6. 1 14 * 
Giant-Crystal 
mean.±. .§11_ !!. 
3. 9 .±. 1.8 so * 
7. 9 .±. 3. 7 so * 
9.1 .±. 3. 3 34 * 
9.0 .±. 4.7 16 * 
42.1 .±. 18.6 23 * 
61. 7 .±. 36.4 23 * 
7. 6 .±. 1.6 6 * 
22.9 .±. 11. 3 31 * 
40.8 .±. 15. 6 14 * 
* Significantly different from normal at the p<0,001 level using Student's t-test. 
1only otoconia on the outer edge of the lagena were measured. 
color. The mean measured widths of the 
giant-crystal otoconia were greater than 
the upper limit of the calculated calcite 
thickness range. The measured widths of 
giant-crystal otoconia with a given 
interference color were not significantly 
different from the measured widths of 
otoconia with the same interference color 
from normal chicks (Table 2). 
Otoconial Weights 
The weight of the calcium carbonate 
in the total utricular otolith mass of 
giant-crystal chicks was 65,2 +/- 0.3 µg 
(SE, n=l3), while that of the utricular 
mass in normal chicks was 55.0 +/- 0,3 µg 
(SE, n=l8). The calcium-carbonate weight 
of the otolith mass in giant-crystal 
chicks was 16 % greater than that of nor-
mals, and this difference was significant 
at the p< 0.001 level (Student's t-test). 
Discussion 
Development tl Giant-Crystal Otoconia 
The predominant feature of the oto-
liths of the giant-crystal chicks is the 
presence of the otolith as a fused 
crystal mass. At all stages most of the 
crystal mass is composed of abnormally 
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1.7 - 3.3 
3.3 - 5.1 
5.1 - 6.5 
6.5 - 8.7 
1.7 - 3.3 
3.3 - 5.1 
5.1 - 6.5 
6.5 - 8.7 
G; Table 1). Under PLM giant otoconia 
appear to be as well calcified as normal 
otoconia (Table 2). In addition, at all 
stages, SEM revealed most of the crystal 
mass to be fused twin or multiple crys-
tals (Figs. 4 G, 4 H, 5 E & G). Thus, 
J. Ballarino and H.C. Howland 
from the earliest stages of development 
the otoliths of giant-crystal chicks are 
composed of giant twin and multiple oto-
conial crystals which form a fused crys-
tal mass. 
Characteristics tl Giant Otoconia 
Although comparison of the measured 
widths of giant-crystal otoconia of a 
given interference color to normal otoco-
nia of the same color indicates that the 
giant-crystal otoconia are as well cal-
cified as normal otoconia (Table 2), 
glutaraldehyde-fixation indicates that 
the giant otoconia are more sensitive to 
decalcification, particularly near the 
faceted ends (Fig. 3G, arrow). Addition-
ly, the mature form with three raised 
terminal edges is found in both glutar-
aldehyde and acetone-fixed specimens and 
is presumably a result of etching. Des-
pite the sensitivity of giant-crystal 
otoconia to etching, the utricular oto-
lith of giant-crystal chicks was 16% 
heavier than the utricular otolith of 
normal chicks. Thus, the formation of 
giant otoconia is not associated with a 
reduction in crystal mass, but in fact 
results in a greater mass being achieved. 
The factors which caused this increased 
growth and fusion of otoconia did not 
cause a change in crystal form, since x-
ray diffraction patterns of the giant-
crystal otoconia were characteristic of 
calcite. 
Formation _g__f_ Giant Otoconia 
The evidence presented above points 
to the de novo formation of giant otoco-
nia in the giant-crystal line of chicks, 
rather than formation by recrystalliza-
tion. This evidence is: 1) giant otoconia 
comprise the greatest fraction of the 
crystal mass even at the earliest embry-
onic stages; 2) the giant otoconia are 
not found on a border between areas of 
uncovered macula and normal otoconia; 3) 
the total crystal weight of utricular 
otoliths is greater in giant-crystal 
chicks than in normal chicks; and 4) 
fused twin and multiple crystals are 
present as the predominant form in all 
embryonic stages. 
There are three possible mechanisms 
by which giant otoconia may be produced 
de novo: 1) increased solute concentra-
tion; 2) changes in concentration of 
crystal growth inhibiting/accelerating 
agents; and 3) increased production of 
organic matrix material. 
Solute concentration. Crystal pro-
duction in nonbiological systems and 
under simulated physiological conditions 
indicates that greater levels of satura-
tion produce: 1) greater precipitation; 
2) larger crystals; and 3) greater fre-
quencies of twin and multiple crystals 
(Bachra et al., 1963; Sheftal and Gavri-
lova, 1966; Sheftal, 1976; Pangarov, 
1976). All three of these conditions are 
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present in the otoliths of the giant-
crystal chicks. Larger crystals are gen-
erally formed under high levels of satur-
ation because of a greater tendency for 
the medium to enter the crystal lattice 
at fast growth rates (Sheftal and Gavri-
lova, 1966). Both fast growth rates and 
incorporation of medium lead to increased 
crystal defects and even greater growth. 
Thus large, non-homogeneous crystals grow 
at the expense of smaller crystals (Shef-
tal, 1976). Additionally, decalcification 
tends to occur along lines of least re-
sistance at surface imperfections (Ross 
and Peacor, 1975). Since the giant otoco-
nial crystals are particularly suscept-
ible to etching, they presumably contain 
a large proportion of defects, as a re-
sult of the rapid growth rates. 
Inhibiting/accelerating agents. The 
growth rates of crystals can also be 
altered by changes in the concentrations 
of crystal growth inhibitors or accelera-
tors. Both increased concentration of 
solute and decreased concentration of 
inhibitors cause a change in the ratio of 
solute to inhibitor and increase crystal 
growth rates. Two biologically common 
ionic species which inhibit calcite 
growth are P(¼- 3 (Bachra et al., 1963) 
and Mg+ 2 (Morse, 1983). Lowered levels of 
either of these ionic species in the 
endolymph could lead to the formation of 
giant otoconia. 
Organic matrix material. Recent evi-
dence shows that otoconia are iso-orient-
ed, mosaic crystals composed of crystal-
line subunits 100 nm in diameter (Mann et 
al., 1983; Mann, 1983; Ross and Pote, 
1984). Growth of otoconial crystals has 
been hypothesized to occur through mult-
iple seeding at the crystal surface by 
organic material (Ross and Peacor, 1975). 
Gel electrophoresis studies indicate that 
major protein(s) of molecular weight 
97,000 daltons are present in the otoco-
nia of normal newly-hatched chicks, but 
are not found at detectable levels in the 
surrounding otoconial membrane (Ballarino 
et al., in preparation). If the endolymph 
in the vicinity of the growing otolith of 
young chicks is assumed to be maintained 
at low supersaturation levels of calcium 
carbonate, then the presence of little 
organic matrix protein in the surrounding 
otoconial membrane would be in agreement 
with the multiple seeding hypothesis 
proposed by Ross and Peacor (1975), since 
any organic matrix molecules which were 
free in the otoconial membrane should 
seed new crystallites. The organlc matrix 
molecules would thus become bound up in 
the otoconial crystal, and few molecules 
would remain free in the otoconial mem-
brane. Increased production of the or-
ganic matrix molecules should generate an 
increased number of seeding (nucleating) 
sites and increase the growth rate at 
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surfaces of crystals which grow by this 
multiple seeding mechanism. Increasing 
growth rates through higher concentra-
tions of organic matrix molecules would 
produce effects similar to increased 
saturation levels. 
Since all three of the above mech-
anisms could increase growth rates and 
thus produce: 1) greater precipitation, 
2) larger crystals, and 3) greater fre-
quencies of twin and multiple crystals, 
any of the above factors could be respon-
sible for the de novo formation of giant 
otoconia. Until further studies are done 
on the composition of the endolymph, the 
otoconial membrane and the otoconia in 
giant-crystal chicks, there is little 
evidence favoring any one of these mech-
anisms over the others. 
The factors producing giant otoconia 
in the giant-crystal chicks are most 
likely different from factors causing 
formation of giant otoconia in strep-
tomycin-treated animals, in "normal" gui-
nea pigs and in genetic mutants with 
reduced or absent otoconial mass. The 
giant otoconia in the "normal" guinea 
pigs and streptomycin-treated animals are 
generally found bordering regions of 
otoconial reduction, and in streptomycin-
treated animals are often associated with 
degenerating cells (Johnsson et al., 
1980a). It has been shown that dissolu-
tion and recrystallization in nonbiologi-
cal systems leads to growth of larger 
crystals (Sheftal, 1976). Such a recrys-
tallization mechanism seems to be the 
likely mode of production of giant otoco-
nia found in association with otoconial 
reduction and presumably dissolution. 
Additional evidence that different 
factors are at work in the giant-crystal 
chicks and mutants with reduced otoconial 
mass is the fact that the original line 
of ataxic chicks did not respond to man-
ganese supplementation (Bernier et al., 
1975a). However, this may be due to lim-
ited transfer of manganese from the hens 
to their eggs or to the limited availabi-
lity of manganese in yolk and albumin, 
since Craig (1969) also failed to get an 
effect in grey-loco chukar partridges 
when he administered manganese to laying 
hens. Zinc deficiency is also unlikely to 
have produced the giant otoconia in 
giant-crystal chicks since it typically 
causes a reduction in the total otoconial 
mass, in addition to producing giant 
otoconia. 
The reason for the increased inci-
dence of ataxia in the original line of 
ataxic chicks is as yet unknown, but may 
be explained by the following hypothesis. 
A large, fused mass of crystals may be 
more easily dislodged from the sensory 
epithelium than small crystals embedded 
in the otoconial membrane. This phenome-
non has been observed by Colmers et al. 
(1984) in cephalopod "spinners" which 
produce giant malformed statoliths. (Note 
that these aquatic organisms can reach 
very high accelerations during propulsion 
through the water). Embryos would be 
particularly susceptible to otolith dis-
lodgement since the otoconial membrane is 
more loosely held together during the 
early stages of otoconial development: 
the otoconial membranes of embryos can be 
easily displaced during dissection of 
fresh, unfixed material. This hypothesis 
could explain the poor penetrance of 
ataxia in the original ataxic strain of 
Delaware chicks (Bernier et al •• 1975b), 
since ataxia would show up only in those 
chicks whose otoliths became dislodged. 
Perhaps this is the reason why small 
otoconial crystals rather than solid 
otoliths evolved in terrestrial verte-
brates, which are frequently exposed to 
large accelerations. 
Whatever the reason for the phyloge-
netic switch from solid otoliths in tele-
osts to otoconial crystals in terrestrial 
vertebrates, further insight into the 
normal control of otoconial size may be 
provided by further studies comparing the 
ionic content of the endolymph and the 
protein composition of the otoconial 
membrane and organic matrix in normal 
and giant-crystal chicks. 
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Discussion with Reviewers 
L,C, Erway: If, as your data suggest, 
there is as much total mass and calcium 
in the otoliths of the giant-crystal 
chicks as in normal chicks, what do you 
postulate to be the role of mucoproteins 
* See also Mann's paper in SEM/86/II (p.393). 
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in the observed effects of the mutant 
condition? 
Authors: Our data actually show that the 
total mass of calcium carbonate in the 
otolith of giant-crystal chicks is 16% 
greater than that of normal chicks, but 
that there is no significant difference 
in the proportion of calcite present in 
individual otoconia (i.e., for a given 
interference color, there is no signifi-
cant difference in the measured widths of 
giant-crystal otoconia and normal otoco-
nia). Thus, we believe that the otoconia 
of giant-crystal and normal chicks con-
tain the same ratio of calcite to organic 
matrix, and that the increase in size 
must be due to the laying down of both 
additional organic matrix and additional 
calcite. We believe that this would most 
likely be due to an increased production 
of organic matrix material. 
.!i.,_ Watabe: Please explain how an in-
creased production of organic matrix 
produces giant otoconia. 
Authors: Otoconia have been hypothesized 
to grow by a mechanism of multiple seed-
ing of crystalline subunits by organic 
matrix onto a central core (Ross and 
Peacor 1975, text reference). This is 
supported by the fact that the otoconia 
of rats are composed of crystalline sub-
units of 100 nm diameter (Mann et al., 
1983, text reference). In order for an 
increased production of organic matrix to 
produce giant otoconia, one needs to 
assume that the otoconia are in an en-
vironment which is maintained at low 
supersaturation levels of calcium carbon-
ate. We believe that this is a viable 
assumption for developing embryos and 
growing chicks where otoconia are slowly 
increasing in size and number. An in-
crease in organic matrix production could 
result in increased seeding of crys-
talline subunits if the degree of super-
saturation is maintained at a constant 
level and does not decrease as deposition 
occurs, The fact that the giant-crystal 
otoconia contain the same ratio of cal-
cite to organic matrix as normal otoconia 
indicates that an increased production of 
organic matrix might be the cause of the 
mutant condition. Increased organic 
matrix could increase the number of seed-
ing sites (and the ultimate size of the 
otoconium) without changing the ratio of 
calcite to organic matrix. On the other 
hand, increased levels of supersaturation 
should increase the amount of calcite 
deposition on seeded crystalline sub-
units, and thus increase the ratio of 
calcite to organic matrix. However, it is 
necessary to obtain data on the total 
amount of organic matrix in the otolith 
of giant-crystal chicks before any con-
clusions can be drawn. 
.!i.,_ Watabe: I agree with the authors that 
increased growth and fusion of otoconia 
do not cause a change in crystal type. Is 
J, Ballarino and H.C. Howland 
there any information available concern-
ing the crystal type of the otoconia at 
their earliest stage of formation? 
Authors: As far as we know, neither angle 
measurements nor x-ray crystallographic 
data on the otoconia of early embryonic 
chicks has been published. The amount of 
crystal present at the earliest stage of 
formation is small, and the crystals are 
embedded in the proteinaceous otoconial 
membrane; as a result, x-ray diffraction 
patterns are spotty. By pooling otoconial 
membranes from five garter snake embryos 
(10 membranes) at the earliest stage of 
otoconial development (Zehr's stage 26), 
we have been able to obtain strong cal-
cite patterns for lagenar and utricular 
otoconia, and a strong aragonite pattern 
for saccular otoconia. Identical patterns 
were produced by adult garter snake oto-
conia. Preliminary x-ray diffraction data 
on 6-7 day chick embryos indicate a pos-
sible calcite pattern, but more and lar-
ger samples will be necessary to verify 
this result. 
R.,_ Watabe: Please explain how the inter-
ference color can be indicative of the 
degree of calcification. 
Authors: The interference color is used 
to calculate the thickness of the calcite 
present in an otoconium (see methods 
section, this paper). The width of the 
otoconium measured from PLM photomicro-
graphs is then compared to the calculated 
thickness of the calcite in the otoco-
nium. The measured widths of otoconia are 
greater than the calculated calcite 
thickness, and the additional width is 
assumed to be occupied by organic matrix 
which is dispersed throughout the crys-
tal. Otoconia with measured widths which 
are much greater than the calculated 
calcite thickness (as is the case in the 
double-fluted otoconia of 6-8 day em-
bryos) are only lightly mineralized, and 
those with widths close to the calcite 
thickness are heavily mineralized. 
Q_,_ Spangenberg: Are the abnormal otoconia 
of the Delaware chicks the same chemical 
composition as the otoconia of normal 
chicks? Is the chemical composition of 
the organic matrix known? If so, are they 
different? 
Authors: We know from x-ray crystallo-
graphy that otoconia from both normal and 
mutant chicks are composed of calcite, 
but we have examined neither for ionic 
impurities, Preliminary results from gel 
electrophoresis of giant-crystal otoco-
nia indicate that the protein composition 
of the otoconial organic matrix (and of 
the otoconial membrane) is qualitatively 
the same in normal and mutant animals, 
but no quantitative data have been col-
lected. 
Q_,_ .£.Pj!n.genberg: Does 
mass continue to grow 
the large otoconial 




We have not looked at the size 
otoconial mass in adult giant-
1680 
crystal chickens. It is possible that the 
conditions leading to increased otoconial 
mass in embryos could be extended into 
the post-hatching growth period, but it 
is unlikely that continued growth of the 
otoconial mass occurs in the adult, since 
it would most likely lead to behavioral 
anomalies which have not been observed in 
adults of this strain. 
Reviewer l: What might account for the 
fact that the giant-crystal strain of 
chicks exhibit normal behavior, but the 
original ataxic line showed an increased 
incidence of ataxia? 
Authors: We have recently been able to 
examine the otoliths from cleared skulls 
of four chicks from the original ataxic 
line. It appears that a reduction in the 
utricular otolith mass may be responsible 
for the ataxia. Two of these skulls were 
from chicks which exhibited normal beha-
vior; the other two were from chicks 
which exhibited ataxia. The two chicks 
which displayed normal behavior had utri-
cular, saccular and lagenar otoliths 
which were similar to those described for 
the giant-crystal strain. The two chicks 
which displayed ataxia had a reduced 
utricular otolithic mass. These latter 
two chicks were missing one or more of 
the three fused utricular otoconial 
masses normally found in the utriculus of 
the giant-crystal strain (Ballarino, un-
published data). There are two possible 
explanations for this reduction in utri-
cular otolith mass. One is that the 
fused otoconial masses were formed, but 
became dislodged from the sensory epi-
thelium (as originally hypothesized in 
our paper), and then subsequently dis-
solved. If this is the case, then one is 
still left with the question of why the 
otoconial masses were more easily dis-
lodged in the original ataxic strain. A 
second possible explanation is that the 
missing utricular masses were never 
formed. In this case, the same factor(s) 
which cause the formation of giant otoco-
nia should also be able to prevent the 
formation of an otoconial mass. Evidence 
that the organic matrix might perform 
this function is as follows. The EDTA 
soluble matrix of molluscan shells has 
been hypothesized to act as a nucleator 
when fixed onto a surface and as an inhi-
bitor when it is free in solution (Cren-
shaw, 1982, In: Biological Mineralization 
and Demineralization, pp. 243-257). A 
slight increase in organic matrix produc-
tion may increase the amount of seeding 
(nucleation) of crystalline subunits as 
long as there are enough sites (otoconial 
cores and crystal surfaces) to fix onto, 
but if the increase in production is 
large, an abundance of free matrix in 
solution might prevent crystal growth. 
